Abstract. The genetic background of osteochondrosis dissecans (OCD) has been studied for years, but the compatibility of the position of markers has not been reached between results, probably because of unknown additional effects that may influence the results, such as definition of the trait, gene-environmental interactions and the dynamics of trait development. The aim of the study was to identify single nucleotide polymorphisms (SNP) associated with the occurrence of OCD in Polish Warmblood sport breed horses in two different stages of training. Warmblood horses (87 stallions and 114 mares) were phenotyped and genotyped. Horses were X-rayed twice, at the beginning and at the end of the tests (100 days for stallions and 60 days for mares). Ten images per horse were collected using digital equipment for the fetlocks, stifles and hocks. The DNA was genotyped using the Illumina Neogen Equine Array. Statistical analysis included the Cochran-Armitage test and logistic regression assuming an additive model of inheritance. The Monte Carlo Markov Chain method was also applied to determine heritability coefficients. Nineteen and twenty SNP were identified that were significantly associated with OCD using logistic regression at the first and second stage of training, respectively. Four SNP were significant for both stages of training. The estimation of the heritability of a horse's OCD status does not achieve the same level at different stages of training. The study on the genetic background of horse OCD should include as much detailed information on their training as possible.
Introduction
Recent advances in genetic technology have gradually been introduced into horse breeding and selection practice (Finno and Bannasch 2014) . The original Illumina Equine single nucleotide polymorphism (SNP) Beadchip was introduced in 2008 with a total number of 54 602 SNP; a HD chip containing 700 000 SNP is scheduled for release. This new technology has facilitated a search of the entire genome and enabled Genome Wide Association Studies to be conducted for a wide range of phenotypic characteristics. As a consequence, new insights into horse genetics have appeared. A recent example of a successful Genome Wide Association Studies application is the finding that gaitedness in a horse is caused by a premature stop codon within the DMRT3 gene (Andersson et al. 2012) . Many other traits have been studied, but in most cases without identification of the causal mutation. A better understanding of the genetic background underlying equine diseases is of special importance, particularly if the disease is as common as the hereditary equine regional dermal asthenia; the prevalence of the mutation is as high as 30% in some horse lines and up to 50% of national populations (Brosnahan et al. 2010) . The problem of identifying the genes responsible for diseases is even more complicated for traits with a complex or pure polygenic mode of inheritance. In such situations, phenotypes, except for major gene effects, may be significantly determined by environmental, polygenic and epigenetic effects. The group of equine orthopaedic diseases is an example of such complex traits.
Skeleton and muscle problems in horses are reported worldwide and create animal wellbeing issues in various breeds; American Saddlebreds with early onset lordosis (Gallagher et al. 2003) , Peruvian Pasos, Arabians, Quarter Horses with systematic proteoglycan accumulation (Halper et al. 2006) and Thoroughbreds with superficial digital flexor tendon injuries (Oki et al. 2008) . Other important orthopaedic problems observed in Warmblood horses include osteochondrosis (OC) or its terminal stage osteochondrosis dissecans (OCD), have a prevalence as high as 30% in most sport horse breeds (Weeren van 2006) . Osteochondrosis is a developmental orthopaedic disorder in the joints of young growing animals during the ossification process, visualised by a flattening of the bone shape, disturbances in mineralisation of the cartilage or the presence loose flaps (chips). The genetic background of OCD has been studied for many years, but no compatibility has been reached between results regarding the possible position of markers (Distl 2013; Lewczuk and Korwin-Kossakowska 2013) . Quantitative trait loci for this trait have been identified on ECA01, ECA02, ECA03, ECA04, ECA05, ECA15, ECA16, ECA18, and ECA19 for the Hanoverian breed (Lampe et al. 2010) , on ECA03 and ECA10 for the Dutch Warmblood (Orr et al. 2013) , on ECA03 for the English Thoroughbred (Corbin et al. 2010 ) and on ECA30 for the Australian Thoroughbred (Castle 2012) . Different SNP were also found for cold blooded horses by Distl (2013) . A French study identified osteochondrosis associated SNP on ECA03, ECA13, ECA14, ECA15 for the Standardbred Trotter (Teyssèdre et al. 2010) , whereas a Norwegian study found corresponding SNP on ECA05, ECA10, ECA27, and ECA28 (Lykkjen et al. 2010) . Breeds may differ in the linkage disequilibrium (Corbin et al. 2012 ), but it is expected that breed-specific results will be more compatible.
The potential for comparisons between SNP using different commercial Beadchips of various sizes has been reported (Corbin et al. 2014 ). This will considerably facilitate complex data analysis. Lately, special attention has focussed on the integration of genomic information into sport horse breeding programs in order to optimise selection. For this reason the compatibility of data coming from different studies is required. Apart from the breed-specific genetic background, there are additional effects that may influence results, such as the definition of the measured trait and gene-environment interactions. The osteochondrosis status of a horse remains unchanged after 11 months of age; however, it is also known that some cases may not become clinically visible until horses commence training (van Weeren 2006) . The aim of the study was to identify SNP associated with the occurrence of OCD in Polish Warmblood sport horses. Different stages of basic training were considered to provide more insight into the dynamics of trait development. Heritability was also estimated for both stages of training.
Material and methods

Horses
Two hundred and one Polish Warmblood horses, tested during two successive years (87 stallions and 114 mares), were phenotyped and genotyped. The sample population comprised all individuals tested during two successive years of official performance tests conducted in the two training centres. Investigated horses were at the mean age of 1305 days within the range from 1047 to 1722 days. They were phenotypically preselected on the basis of their conformation, with mean values of 165 cm for height at the withers (from 156 to 174 cm); 190 cm at the chest (from 156 to 207 cm) and 20.75 cm in the cannon bone (from 18.50 to 22.50). The mean conformation score of the evaluated horses was 78 points with a minimum of 75 points and a maximum of 84 points in the scale of 0-100 points. The pedigree analysis showed that the investigated horses originated from 129 sires. Three of the sires had more than five offspring, 15 sires had three or four offspring and 23 sires had two offspring, respectively. The other 88 sires had only a single offspring in the investigated group of horses.
Training
Both performance tests for young horses were based on basic training and conditioning at official training stations, conducted by the Polish Horse Breeders Association in accordance with standardised conditions. The performance tests for young horses take 100 days for stallions and 60 days for mares. During the performance tests, all horses are trained in riding and jumping, whereas stallions receive additional training in stamina skills. Training was conducted 6 days per week. The daily workload duration does not exceed 45 min. During the final test, the following traits are examined: free jumping, riding exercises (trot, canter, walk), rideability for all horses as well as a stamina test and jumping with a rider for stallions. Horses have to be broken under the saddle and the first stage of training is usually preceded by lunging exercise. The last 2 weeks are used to familiarise horses with audiences and the final test requirements.
Blood samples
Blood samples were collected by a veterinary surgeon according to standard veterinary procedures. For DNA extraction, blood samples from all animals were collected into 10-mL tubes containing potassium EDTA as an anticoagulant and stored at À78 C.
Radiographic images and their scaling
Horses were X-rayed twice at the beginning and at the end of the tests. Ten images per horse were collected using the RTG Girth HF 80 and Vet Scan ray 3600. The following joints were analysed: metacarpophalangeal joints (front fetlocks), metatarsophalangeal phalangeal (hind fetlocks), tarsocrural (hock) and femoropatellar (stifle) joints. Two views for each tarsocrural joint were collectedin the lateromedial and dorsoplantar. The following locations were evaluated in the fetlock joint -the sagital ridge of the metacarpal/ metatarsal condyle, the dorsal margin of the proximal phalanx, the plantar margin of the proximal phalanx, in the tarsocrural jointthe dorsal margin of the intermidiate ridge of the tibial cochlea, the medial malleolus, the trochleal ridges of the tallus and the trochlear ridges of the femur in the femoropatellar joint. Images were evaluated from the point of view of breeding, thus horses were selected on a binary scale, as free or not free from OCD. Only the last stage of the disease (chips) was classified as OCD, although flattening, shape irregularity and other disturbances were still classified as non-OCD. As a consequence, only horses with osteochondrosis dissecans were recorded as affected.
Single nucleotide polymorphisms genotyping
Genomic DNA was isolated from the blood samples by the MasterPure Genomic Purification Kit and its quantity and quality was evaluated by NanoDrop measurements and standard agarose electrophoresis. Then DNA of each horse was genotyped using the Illumina Neogen Equine Array, which consists of 65 157 SNP markers evenly distributed across 31 autosomes with an average spacing of 43.2 kbp. The quality of SNP clusters was analysed using GenomeStudio software. Finally, 63 946 SNP were used for further analysis. The average call rate was as high as 99.75%. 
Statistical analyses
The applied logistic regression model had the following form:
where, b i i = 1, 2, . . ., 8 are the regression coefficients, and the explanatory variables denote the genotype of the SNP (coded as 0 homozygous, 1 for heterozygous, and 2 for alternative homozygous SNP), training centre (two levels of this variable), sex (two levels), breed (six levels), age (in days), breeder (two levels), sire and dam. The probability that an animal is sick is denoted by P sick and the logit function is the natural logarithm of odds ln À P sick 1ÀP sick Á . Additionally, heritability was estimated at two different stages of training. The following animal model was used:
where l is the logit(P sick ), X is a design matrix relating fixed predictors, such as training centre, breed, sex, breeder and age, to the data. u denotes the vector of random animal effects with the design matrix Z and the covariance matrix G = A s (l i )). The Monte Carlo Markov Chain method was applied to calculate heritability (Hadfield 2010; Villemereuil 2012 ) using the following ratio:
A þŝ 2 R þ p 2=3 : Heritability estimated on the observed scale of 0-1 was transformed to a continuous scale using the equation:
where p is the proportion of sick individuals (Falconer and Mackay 1996) , and i was obtained from a standardised normal distribution. Because each horse originated from a different dam and there were 126 different sires identified in the sample, with a very low number of progeny each, we decided not to model the pedigree relationship directly into the model.
Osteochondrosis data
The OCD data of the studied group of horses were taken from the report from an earlier grant and its description for the Polish Horse Breeders Association (report from the grant NR 12 0037 06). Almost 30% of horses were, on average, OCD positive. In the group of stallions, 29% had radiographic evidence of OCD in the first investigation and 31% in the second investigation and in the group of mares, 23% and 27%, respectively.
Results and discussion
Nineteen and twenty SNP were chosen as significantly associated with OCD based on the logistic regression at the first and the second stage of the training, respectively (Tables 1, 2 ). Groups of the most significant SNP (those with the smallest P-value) were considered, without specifying any threshold, because the dataset was large (60 528 SNP) and the classical correction for multiple testing provided no significant SNP. Considering the groups of the 20 most significant SNP in the Cochran-Armitage test there were 13 and 14 SNP common with SNP selected in logistic regression, respectively, for the first and second evaluation (Tables 1, 2) . Among the SNP, only four polymorphisms were common for both evaluations -BIEC2_55129 and BIEC2_66407 located on ECA1, BIEC2_1061013 on ECA7, and BIEC2_755946 on ECA29. Apart from BIEC2_755946 in the case of the first stage of training, all were found in the Cochran-Armitage test. Significant SNP were scattered across many chromosomes: ECA1, ECA2, ECA4, ECA5, ECA7, ECA9-ECA11, ECA15, ECA16, ECA20, ECA24, ECA25, ECA28, and ECA30. For the first evaluation, the most significant 'hit' was attributed to UKUL1185 located 131 bp upstream of the LMNA gene on ECA5, which effect was estimated at 1.0428. For the second evaluation the most significant polymorphism was BIEC2_1074231 (estimated effect -1.1565) located in an intergenic region of BTA9.
The functional annotation of significant SNP revealed that for the first evaluation a majority of polymorphisms (11) were located away from genes, five polymorphisms were relatively close -upstream or downstream of the genes, whereas the other three were located directly within the gene sequence -in introns (BIEC2_55129, BIEC2_353266) or exon (BIEC2_391945). Both intronic variants are especially noteworthy, as they are located within the death-associated protein kinase 2 gene (DAPK2) on ECA1 and the thyroid hormone receptor b gene (THRB) on ECA16. The functions of both genes are related to the cell life cycle (Kawai et al. 1999; O'Shea et al. 2012 ) and thus they may also play a role in bone tissue cell degeneration involved in OCD. In particular, DAPK2 was significant for both evaluations and the protein coded by the gene contains domains similar to death-associated protein kinase 1 (DAPK1), which is a positive regulator of programmed cell death. In humans, overexpression of this gene was shown to induce cell apoptosis (Kawai et al. 1999) . Also THRB was found to play a role in advanced bone formation in mice through the activation of Wnt/b-catenin protein signalling (O'Shea et al. 2012) . Additionally, a cyclin-dependent kinase inhibitor 2D gene (CDKN2D) on ECA7 marked by UKUL1686, located only 160 bp downstream of this gene, codes for protein, which acts as a cell growth regulator in cell cycle G1 progression (Okuda et al. 1995) . Another gene located on ECA7 -the autophagy related 4D cysteine peptidase gene (ATG4D), which is marked by BIEC2_998451 positioned 3425 bp upstream, plays a role in the autophagy process related, among other things, to non-apoptotic cell death in human erythroblasts (Betin et al. 2013) . Among genes indicated by the results for the second evaluation, a very promising candidate is the G proteincoupled receptor 65 gene (GPR65) located on ECA24 and marked by BIEC2_644797, 1994 bp downstream of the gene. It was found (Hikiji et al. 2014 ) that this gene is related to bone resorption in mice.
Our results revealed some similarities with other studies. ECA1, ECA15, ECA16 and ECA18 were selected as related to OCD in Hanoverian horses (Lampe et al. 2010) , ECA15 was identified in French trotters (Corbin et al. 2012) , ECA10 in the Dutch horse population (Orr et al. 2013 ) and ECA28 in Norwegian Standardbred trotters (Lykkjen et al. 2010) . Polish Warmblood horses are closely related to Hanoverian and Dutch Warmblood horses. We were able to pinpoint genes that on a functional basis are very promising candidates for OCD; however, none of the SNP found to be statistically significant in our experiment were confirmed in other studies. The possible reason could be related to the evaluation of OCD. Most studies considered a single joint evaluation of OCD , in order to allow for independent genomic background to be fitted to each of them. Recently, its negative genetic correlations were reported between the evaluation of OCD in different joints (Distl 2013) . However, from the practical perspective, a major criterion in the selection of sport horses by breeding organisations is connected with overall health, expressed as 'an OCD-free horse', without considering particular joints separately. Every horse society takes into account all the investigated joints and the overall health of a horse is considered in selection decisions.
According to Lykkjen et al. (2013) , the proximity of~1.5 Mb may be considered as putative correspondence between SNP. So comparing our results with the scientific literature we are able to identify some similarities. For example, results for the Dutch horses reported by Orr et al. (2013) , who demonstrated a statistically significant SNP -BIEC2_34197 located at 47 614 661 bp on ECA16, and our result on the same chromosome at position 58 495 000 corresponding to BIEC2_ 353266 and the second SNP on the same chromosome BIEC2_353080 at the position 58 306 406 are comparable. The statistical significance for both cases was at the same level of 10 À4 for our results and 10 À5 for the Dutch results. The other SNP found comparable in our results and the Norwegian study for Standardbred trotters by Lykkjen et al. (2013) The second reason for the observed lack of overlap in significant SNP selection is the relatively small accuracy of SNP effect estimation in particular studies related to a low number of investigated horses and its confounding with linkage disequilibrium, which differs between analysed samples. The total number of horses genotyped is low in most horse studies (162 horses - Lykkjen et al. 2010; 176 -Lykkjen et al. 2013; 201 -Orr et al. 2013; over 300 -Corbin et al. 2012; 557 -Teyssèdre et al. 2010; and 623 -Teyssèdre et al. 2012) . In our study, no formal correction for multiple testing was performed on nominal P-values, because a combination of the large number of polymorphisms tested and the relatively low number of horses do not allow for a proper control of type I error. Therefore, it is possible that some of the polymorphisms reported as significant represent false positive hits. The same problem has already been reported by other authors (Lykkjen et al. 2010; Teyssèdre et al. 2010) . Because of the relatively low heritability of the trait, SNP (and corresponding genes) of very high effects on the occurrence of OCD are not expected. Therefore, we decided to present in the table suggestive SNP which reach nominal significance, but not significant after multiple testing correction. Note that the Bonferroni correction is too conservative for several reasons including the fact that it assumes the independence of each test even though many of the SNP are in linkage disequilibrium and thus correlated with each other.
The complexity of the OCD-SNP research, make it difficult to reach a brief final conclusion. Both analyses showed four SNP that were statistically significant for each stage of training; however, only two may be compared on the international level, i.e. BIEC2_1061013 (ECA7) and BIEC2_66407 (ECA1) were cited earlier. The different results noted may also reflect the effect of the different training stage of the horses investigated in other studies. Usually published results do not provide any information on the training status of investigated horses. Osteochondrosis is also environment-dependent, so the status of a different type and/or stage of training should be described in every study in a very detailed manner. This problem may also be amplified by different definitions of OCD in our study and others (Denoix et al. 2013) .
The horse breeding sector is always interested in identifying the highest level of heritability for traits of interest for the most effective selection. For this reason, heritability indexes were calculated. Our results showed a slightly higher value of the heritability coefficient at the first stage of training -0.303 versus 0.265, but standard errors for these calculations were not estimated and are expected to be high because of the small amount of data analysed. However, even if only small groups were tested at both training stages, the number of horses and their genetic structure were identical. It seems obvious that in every study the investigated population should be described as thoroughly as possible. This will allow investigations to provide more reliable and accurate conclusions, especially in the case of traits of great importance and special interest such as health traits (Bannasch 2008; Barrey 2010) .
Conclusions
Different SNP may be associated with the OCD status of a horse at different stages of training. Four SNP are significant for both stages of training. The estimation of the heritability of a horse's OCD status does not reach the same level at different stages of training. That might bias the evaluation of a horse's OCD health status between times and places using breeding value estimation and genotyping. A comparison of different studies requires accurate information on the training status of evaluated horses. It seems useful to evaluate a horse before any type of training or conditioning. Any study on the genetic background of a horse's OCD should include as much detailed information on the horse's training as possible.
